The regulatory gene (degT) from Bacillus stearothermophilus NCA1503 which enhanced production of extraceilular alkaline protease (Apr) was cloned in Bacillus subtilis with pTB53 as a vector. When B. subtilis MT-2 (Npr-[deficiency of neutral protease] Apr') was transformed with the recombinant plasmid, pDT145, the plasmid carrier produced about three times more alkaline protease than did the wild-type strain. In contrast, when B. subtilis DB104 (Npr-Apr-) was used as a host, the transformant with pDT145 could not exhibit any protease activity. After construction of the deletion plasmids, DNA sequencing was done. A large open reading frame was found, and nucleotide sequence analysis showed that the degT gene was composed of 1,116 bases (372 amino acid residues, molecular weight of 41,244). A Shine-Dalgarno sequence was found nine bases upstream from the open reading frame. A B. subtilis strain carrying degT showed the following pleiotropic phenomena: (i) enhancement of production of extracellular enzymes such as alkaline protease and levansucrase, (ii) repression of autolysin activity, (iii) decrease of transformation efficiency for B. subtilis (competent cell procedure), (iv) altered control of sporulation, (v) loss of flagella, and (vi) abnormal cell division. When B. stearothermophilus SIC1 was transformed with the recombinant plasmid carrying degT, the transformants exhibited abnormal cell division. These phenomena are similar to those of the phenotypes of degSU(Hy) (hyperproduction), degQ(Hy), and degR mutants of B. subtilis. However, the amino acid sequence of the degT product (DegT) is different from those of the reported gene products. Furthermore, DegT includes a hydrophobic core region in the N-terminal portion (amino acid numbers 50 to 160), a consensus sequence for a DNA binding region (amino acid numbers 160 to 179), and a region homologous to transcription activator proteins (amino acid numbers 351 to 366). We discuss the possibility that the membrane protein DegT functions as a sensor protein and transfers the signal of environmental stimuli to the regulatory region of target genes to activate or repress transcription of the genes.
Bacillus sp. produces various extracellular enzymes, some of which are industrially important (28) . Several structural genes for the extracellular enzymes have already been cloned and sequenced. In addition to the structural genes, trans-acting regulatory genes, such as degSU (4, 10, 17) , degQ (1, 42, 44) , and degR (24) of Bacillus subtilis, were also reported. These genes were identified by mutations which exhibited pleiotropic phenotypes, such as enhancement of extracellular enzyme synthesis (alkaline protease, a-amylase, xylanase, levansucrase and cellulase), decrease in transformation efficiency, altered control of sporulation, absence of flagella, and decrease in autolytic enzyme production (4, 18) . The regulatory systems were reported as follows. (i) Pleiotropic effects were induced by amplification of the regulatory gene by cloning or enhancement of gene expression by a point mutation in the promoter region (1, 10, 17, 24, 42, 44) . (ii) Production of levansucrase and alkaline protease was enhanced as a result of the activation of transcription (3, 35, 40) . (iii) The target regions for the activation of transcription are located upstream (>100 base pairs [bp] ) of the promoter sequences of structural genes for levansucrase (sacB) and alkaline protease (aprE) (3, 9) . (iv) Even though the degQ and degR genes were cloned in the DegSU-strain, enhancement of extracellular enzymes was not observed. Therefore, effects of DegQ and DegR are dependent on DegS and DegU (1, 39 environmental condition and DegU is considered a regulator which transfers the signal to certain genes (10, 17) . However, the DegS protein, which was supposed to be a sensor protein, does not include a hydrophobic transmembrane region as was found in gene products of envZ and phoR (30) .
In this paper, we describe the cloning, nucleotide sequence, and characterization of a new regulatory gene (degT) from Bacillus stearothermophilus which induces pleiotropic phenotypes, as did DegSU, DegQ, and DegR for both host strains B. subtilis and B. stearothermophilus. We also discuss the comparison of the degT product (DegT) with DegSU and DegQ, which might be intracellular proteins, and how the gene product might function to transfer the signal of environmental stimuli.
MATERIALS AND METHODS
Strains and plasmids. Strains (22) . Some of the DNA fragments were sequenced with denatured double-stranded plasmid DNA after being subcloned in pBR322 (19) .
Assay of extraceliular enzymes. (i) Neutral and alkaline protease activities. Enhancement of neutral protease production was qualitatively detected by comparing the size of the halo around colonies on LC broth (L broth supplemented with 1% casein) agar plates (37) . Quantitative analysis of neutral protease was done by measuring casein hydrolytic activity, and 1 U of enzyme activity was defined as the quantity required to increase an equivalent of 1 jig of tyrosine per min at 37°C (38) . For the assay of alkaline protease, pH was changed to 8.5 in all steps (36) . Intracellular alkaline protease was assayed by the method of Ruppen et al. (31) .
(ii) Levansucrase activity. 300 ,ul of enzyme solution was mixed with the same amount of substrate (8% sucrose dissolved in 50 mM potassium phosphate buffer [pH 6.0]), and the mixture was incubated at 37°C (1). The reaction was stopped by boiling. The amount of glucose produced was determined by enzymatic method with glucose oxidase and peroxidase (Glucose Test B; Wako Pure Chemical Industries, Osaka, Japan). One unit of enzyme activity was defined as the amount of enzyme required to produce 1 pumol of glucose per min at 37°C.
(iii) aL-Amylase and penicillinase activities. a-Amylase was assayed by the 3,5-dinitrosalicylic acid method as described previously (5, 25) . Penicillinase activity was assayed as described previously (13, 34) .
(iv) Detection of cellulase activity. Cells were grown overnight on L agar plates at 37°C. Plates were overlaid with 5 ml of PC buffer (50 mM K2HPO4, 12 mM citric acid [pH 6.3]) containing 0.7% agar and 0.5% carboxymethyl cellulose. After 3 h of incubation at 60°C, the plates were flooded with a 1% solution of Congo red in water for 15 min at room temperature. The Congo red solution was poured off, and the plates were washed with 1 M NaCl. Cellulase activity was detected by a yellow halo on a red background (41) .
(v) Detection of xylanase activity. Cells were grown overnight on minimal medium containing 0.4% xylan, 2% (NH4)2SO4, and 0.01% Casamino Acids (Difco). The plate was overlaid with 5 ml of PC buffer containing 0.6% agar, and the following method was the same as that done for cellulase detection.
Staining of flagella. Flagella were stained by the Gray method (7) with slight modifications as follows. One loopful of cells was suspended in one drop of physiological saline on a slide glass and then dried at room temperature. The slide glass was steeped in solution I (5 g of tannic acid, 1.5 ml of 50% FeCl2, 2.0 ml of Formalin, 1.0 ml of 1% NaOH in 100 ml of distilled water) for about 10 min and then washed gently with water. Solution II (2% silver nitrate dissolved in water with a slight amount of ethanol) was poured onto the slide glass. After the cells got dark, the slide glass was washed with water. Flagella were observed with a microscope (Optiphot, Nikon, Tokyo, Japan).
Analysis of autolytic activity. Cells were inoculated in two
MT-2 (pDT 1 45) DB104 ( different flasks containing L broth and cultivated until midlog phase at 37°C. Penicillin G was added to a final concentration of 200 ,ug/ml into one flask, and the optical density at a wavelength of 660 nm was measured for the two flasks. Autolytic activity corresponds to a decrease in cell density (4) . Computer analysis of protein structure. Homology of primary structure was analyzed by the dot plot matrix method (26) , and the hydropathy profile was examined by the method of Kyte and Doolittle (20) . Secondary structure was predicted by the method of Chou and Fasman (6) . An NEC PC-9801RA computer (Nippon Electric Co., Tokyo, Japan) and the software DNASIS (Hitachi Software Engineering Co., Kanagawa, Japan) were used for these analyses.
RESULTS
Cloning of the regulatory gene which enhances alkaline protease production. Chromosomal DNA (2 ,ug) from B. stearothermophilus NCA1503 was digested with restriction enzyme PstI and ligated with PstI-digested (1 ,ug) pTB53 in a total volume of 50 plA. The ligation mixture was used to transform B. subtilis MT-2 (Npr-Apr'). Kmr transformants were cultivated on a selective medium containing 1% casein (LC agar plate with 5 ,ug of Km per ml). Some colonies were surrounded with a large halo, which indicated the hyperproduction of alkaline protease. The candidate plasmids from transformants were extracted and used to transform B. subtilis DB104 (Npr-Apr-). A transformant which did not exhibit protease production was screened (Fig. 1) concluded that cloning of degT enhanced enzyme production for alkaline protease but not for intracellular and neutral proteases.
(ii) Levansucrase. B. subtilis M1113(pTB53) and M1113 (pDT80) were cultivated until late log phase in L broth with and without 1% sucrose. Each culture supernatant was dialyzed against 50 mM potassium phosphate buffer (pH 6.0), and levansucrase activity was tested. Although only low levansucrase activity (around 0.005 U/ml) was detected without induction by sucrose for both strains, in the case of induction with sucrose, pDT80-harboring cells exhibited about 13 times higher levansucrase activity (0.078 U/ml) than did the pTB53 carrier (0.0059 U/ml).
(iii) Xylanase, cellulase, and a-amylase. Production of xylanase and cellulase was studied by plate test. Production of these two enzymes was enhanced by cloning of degT. However, a-amylase production was not enhanced by pDT80 (data not shown).
Decrease of transformation efficiency by degT. Competent cells of B. subtilis M1113(pTB53) and B. subtilis MI113 (pDT80) were transformed with pPFO11. pPFO11 harbors replication origin of pC194, which is compatible with repA plasmids pTB53 and pDT80. The number of transformants per microgram of DNA was examined. Only 3.3 x 10 transformants were obtained when MI113(pDT80) was used as a host strain, whereas 4.9 x 104 transformants were obtained when M1113(pTB53) was used as a host strain. This fact indicates that Bacillus strains carrying degT could not become competent cells efficiently.
Altered control of sporulation. Spore formation was studied in the presence of excess amounts of glucose and amino acids. B. subtilis M1113(pTB53) and M1113(pDT145) were cultivated in a rich medium (SRG) for 24 h. Then, the viable cells and spores which corresponded to the cells resistant to heat treatment at 80°C for 10 min were counted (Table 2) . Likewise, the spores and viable cells were counted with DSM medium as a control for sporulation ( Table 2 ). The results showed that the degT+ strain exhibited altered control of sporulation and efficiently formed spores even with high concentrations of glucose and amino acids.
Loss of flagella and elongation of cells by degT. B. subtilis M1113(pTB53) and MI113(pDT99) were cultivated until late log phase, and the flagella were stained and examined with a microscope (Fig. 4) . Flagella around the cell envelope of M1113(pTB53) could be observed, whereas no flagella could be found around the cell envelope of M1113(pDT99). Furthermore, cells of M1113(pDT99) became filamentous, and it was most likely that cell division was prevented. The cell sizes of MI113(pDT99) were examined for each stage of growth. These log-phase cells were longer than those of the M1113(pTB53) M1113(pDT99) original strain (Fig. 4) , and the cells became shorter during stationary phase; finally, the cell size became equivalent to that of M1113(pTB53).
Decrease of autolytic activity. Production of extracellular enzymes, competency for transformation, spore formation, and structure of cell envelopes are all influenced by environmental conditions. Since the autolytic enzyme(s) is known to be responsible for many phenotypes described previously (4), we examined the level of autolytic enzyme activity. Cell growth of B. subtilis MI113(pTB53) and MI113(pDT80) was measured with and without addition of penicillin G. Cell lysis of B. subtilis MI113(pTB53) was apparently observed in the presence of penicillin G. In contrast, typical cell lysis did not occur for B. subtilis M1113(pDT80) under the same condition (Fig. 5) . Time course of the cell growth was similar to that of an autolysin negative mutant strain of B. subtilis (4). Thus, it was concluded that the autolytic activity was repressed by the presence of the degT gene in B. subtilis.
Expression of degT in a thermophile. pDT80-carrying degT was used to transform B. stearothermophilus SIC1, and the transformants were selected on an L agar plate containing Tc (25 ,ug/ml Considering the phenotypes of degT, the pleiotropic effects of the gene might be brought about by a common mechanism as was true for several of the deg genes mentioned above; however, no significant homology was found in the amino acid sequence. In order to explain this feature of the DegT protein, the primary structure could be divided into the following two regions.
Region I (amino acid positions 51 to 160) is highly hydrophobic. The hydropathy profile along the amino acid sequence of DegT is shown in Fig. 6 . The hydrophobic core might be located in the cytoplasmic membrane and function as a membrane sensor protein for environmental stimuli. The mean hydropathy value of the DegT protein was higher (-0.17) than the average value for intracellular proteins (-0.4) (20) . The hydrophilic region might be inside the cell and function as a regulator to activate or repress transcription of target genes or both, as mentioned below.
Region II (amino acid positions 161 to 372) is relatively hydrophilic. A consensus amino acid sequence for DNAbinding proteins (27) was found in the border between hydrophobic and hydrophilic regions (amino acid positions 160 to 179). The sequence of this region is aligned with other DNA-binding proteins (Fig. 7) . The secondary structure of this region exhibits typical helix-turn-helix structure, as is found in other DNA-binding proteins. The consensus sequence for DNA-binding protein could also be found in the DegU protein from B. subtilis (10, 17) (Fig. 7) . However, the DegU protein, which is an intracellular protein, does not contain a hydrophobic core region (region I) like the DegT protein does. Therefore, localization of the DegT protein might be different from that of the DegU protein. It is also possible that the hydrophobic region of the DegT protein might function as an internal region or dimerization site. Therefore, further characterization is required to prove localization of the protein. Transcription activator proteins possess a consensus region for gene activation. The region was reported to form an amphipathic a-helix structure bearing solvent-exposed residues that are predominantly negatively charged (e.g., aspartic acid and glutamic acid) (29) . In the C-terminal portion of DegT, we found such a region (amino acid positions 351 to 366) that might function as a transcription activator. There exist glutamic acid residues at intervals of every three or four residues and hydrophobic amino acids between the glutamic acid residues in the region. Prediction of secondary structure by the method of Chou and Fasman (6) revealed that the region forms a strong a-helix. We also found the same kind of activator region in the DegU protein (amino acid positions 17 to 34) (data not shown).
-The above observations suggest that DegT functions as a membrane sensor for environmental stimuli, such as starvation of a nutrient source, combines to DNA, and activates or 
